Dehydrins constitute a class of intrinsically disordered proteins that are expressed under conditions of water-related stress. Characteristic of the dehydrins are some highly conserved stretches of seven to 17 residues that are repetitively scattered in their sequences, the K-, S-, Y-, and Lys-rich segments. In this study, we investigate the putative role of these segments in promoting structure. The analysis is based on comparative analysis of four full-length dehydrins from Arabidopsis (Arabidopsis thaliana; Cor47, Lti29, Lti30, and Rab18) and isolated peptide mimics of the K-, Y-, and Lys-rich segments. In physiological buffer, the circular dichroism spectra of the full-length dehydrins reveal overall disordered structures with a variable content of poly-Pro helices, a type of elongated secondary structure relying on bridging water molecules. Similar disordered structures are observed for the isolated peptides of the conserved segments. Interestingly, neither the full-length dehydrins nor their conserved segments are able to adopt specific structure in response to altered temperature, one of the factors that regulate their expression in vivo. There is also no structural response to the addition of metal ions, increased protein concentration, or the protein-stabilizing salt Na 2 SO 4 . Taken together, these observations indicate that the dehydrins are not in equilibrium with highenergy folded structures. The result suggests that the dehydrins are highly evolved proteins, selected to maintain high configurational flexibility and to resist unspecific collapse and aggregation. The role of the conserved segments is thus not to promote tertiary structure, but to exert their biological function more locally upon interaction with specific biological targets, for example, by acting as beads on a string for specific recognition, interaction with membranes, or intermolecular scaffolding. In this perspective, it is notable that the Lys-rich segment in Cor47 and Lti29 shows sequence similarity with the animal chaperone HSP90.
Intrinsically disordered proteins have gained increasing attention during the past few years. These proteins have no fixed tertiary structure under physiological conditions, but nevertheless perform specific functions in different cellular processes (Dunker et al., 2000) . Of 7,849 protein sequences from the Arabidopsis (Arabidopsis thaliana) genome, approximately 650 (8%) were predicted to lack an ordered structure. Taking into account partial disorder as well, the number increases more than 3-fold; 29% of the proteins in Arabidopsis are predicted to have sequence stretches of more than 50 amino acids that lack fixed secondary or tertiary structure (Dunker et al., 2000) .
So how do disordered proteins function? Normally, protein function requires well-defined scaffolds for molecular recognition and catalysis. In some cases, disordered proteins adopt such well-ordered structures as they bind to biological targets such as other proteins (Bourhis et al., 2004) , membranes (Davidson et al., 1998) , RNA (Tompa and Csermely, 2004) , or DNA (Love et al., 2004) . Similar induction of structure is indicated in self assembly (Namba, 2001 ) and oligomerization as observed for the synergetic folding of the activator for thyroid hormone and retinoid receptors-CREB-binding protein complex (Namba, 2001; Demarest et al., 2002) . There are also examples where induction of ordered structure is conditional (e.g. the protein structure responds to changes in temperature, pH, or ion concentration [Uversky, 2002] or the availability of water [Luo and Baldwin, 1997] ). It is thus apparent that disorder in certain cases could actually provide an advantage. For example, in regulation, the function of individual proteins can be tuned by changes in the environment. In signaling, high structural flexibility could allow interactions with multiple targets and efficient control by rapid proteolytic turnover. Folding upon target interaction also has the benefit of providing high binding specificity with low affinity because their dissociated states are favored by a compensating gain in entropy (Dunker et al., 2002) . Moreover, disordered proteins could provide large molecular interfaces without the drawback of a large protein scaffold. In support of this idea, the binding interfaces employed by disordered proteins are generally more extensive than for common proteins (Gunasekaran et al., 2003) . If these interfaces were instead presented on folded proteins, their size would need to increase 15% to 30% with significant consequences for both cell size and intracellular crowding (Gunasekaran et al., 2003) . Accordingly, disordered proteins can in several cases be seen as unstable variants of normal proteins where the biological activity is, after all, coupled to ordered threedimensional structure in a rather conventional manner. The main difference is that a binding event is needed to pull the folding equilibrium toward the biologically active structure.
There are also instances where the functional coupling to fixed three-dimensional structure is less obvious. One example is the family of plant-specific dehydrins (Eom et al., 1996; Lisse et al., 1996; Soulages et al., 2003) that shows, on the whole, no sequence similarity to any other proteins (Uversky et al., 2000) . These disordered proteins are expressed at high levels under conditions of stress, such as cold, drought, high salinity, phosphate starvation, or abscisic acid. A unique feature of the dehydrins is the presence of one or several copies of a highly conserved sequence stretch (EKKGIMDKIKEKLPG), named the K-segment (Dure, 1993; Close, 1996) . The K-segment is particularly abundant in cold-induced dehydrins where it could be repeated up to 11 times (Close, 1997) . Some dehydrins also contain a conserved poly-Ser stretch, called the S-segment, followed in several cases by a characteristic stretch of residues rich in Lys. Moreover, they sometimes have a 7-amino acid segment, called the Y-segment, at the N terminus. Accordingly, the nomenclature of the dehydrins is written Y n S n K n (Close, 1996) . The dehydrins have been found in the cytoplasm, the vacuole, and the nucleus (Heyen et al., 2002; Karlson et al., 2003) and their location is, in some cases, tissue specific (Nylander et al., 2001 ). Several models have been put forth for the dehydrin's poorly understood biological function. Based on the amino acid composition of the K-segment, it was suggested that an amphiphatic a-helix was formed (Dure, 1993) that could interact with membranes or proteins modulating their phase properties and conformational transitions (Danyluk et al., 1998; Koag et al., 2003) . Along the same lines, it was also suggested that the dehydrins act as chaperones or protein cryoprotectants (Hara et al., 2001 ). Yet other ideas are that the dehydrins have a role in metal and calcium binding (Heyen et al., 2002; Alsheikh et al., 2003) , bind and store water to prevent cells from complete dehydration (Close, 1996; Rinne et al., 1999) , or act as antifreeze proteins by preventing intracellular ice growth (Wisniewski et al., 1999) .
In this study, we investigate the structural properties of four different dehydrins from Arabidopsis, Cor47 (SK 3 ), Lti29 (SK 3 ), Lti30 (K 6 ), and Rab18 (Y 2 SK 2 ), by mapping out their response to temperature and solvent perturbations. To elucidate specifically the role of their constituent K-, Y-, and Lys-rich segments, these have been studied separately as synthetic peptides. The results show that none of the four dehydrins make any specific tertiary interaction in physiological buffer and that their overall content of classic secondary structure is low. Nevertheless, they reveal a significant content of poly-Pro (PII) helices consistent with earlier observations on other dehydrins and lateembryogenesis abundant (LEA) proteins (Soulages et al., 2002 (Soulages et al., , 2003 . This type of expanded secondary structure represents an intriguing example of structures involving water binding combined with high structural adaptability. Notably, PII content is not controlled by the conserved segments, which remain as disordered as the full-length proteins unless forced into a-helical conformations by the addition of trifluorethanol (TFE). Titration with the stabilizing salt Na 2 SO 4 , which is known to be a powerful structural promoter in other systems, disfavors the idea that the dehydrins are in equilibrium with folded high-energy states. The results suggest that the dehydrin proteins do not rely on the acquisition of fixed tertiary structure for their biological function, but more likely serve as a highly specialized dynamic linkage for the conserved segments.
RESULTS

Full-Length Proteins and Conserved Segments Are Disordered under Standard Conditions
The amino acid sequences of the dehydrins investigated in this study are shown in Figure 1 . In physiological buffer at 4°C, the circular dichroism (CD) spectra of all four full-length dehydrins display large minima around 200 nm and an ellipticity near zero around 220 nm, indicative of poorly structured conformations with low content of secondary structure ( Fig. 2A) . The observation is consistent with the predominantly hydrophilic signature of the dehydrin sequences (i.e. their residue composition does not allow the formation of an extensive hydrophobic core typical for folded protein). The strongest CD signal is observed for Cor47, followed by Lti30 (K 6 ) and Lti29 (SK 3 ), which have overall similar amplitudes and spectral characteristics. The spectrum of Rab18 (Y 2 SK 2 ) deviates from the other proteins by being flatter overall with no appreciable component in the 220-nm region. Notably, the spectral differences between the four proteins show no direct relation with their sequence homology: The highest sequence identity is between Cor47 (SK 3 ) and Lti29 (SK 3 ; 64%) and the lowest between Cor47 and Rab18 (22%; compare Figs. 1 and 2). In parallel with the full-length dehydrins, CD analysis was performed on synthetic peptides of their conserved segments. These were the K-segment (EKKGIMDKIKEKLPG), the Y-segment (VDEYGNP), charge-peptide 1 (ChP-1; EEGEDGEKKKKEKKKKI), and its shorter version charge-peptide 2 (ChP-2; EDGEKKKEK; Fig. 2B ). The spectra of the isolated segments are qualitatively similar to those of the fulllength proteins and indicative of coil-like structures.
Effect of Protein Concentration
In other studies, it has been observed that some proteins need to aggregate or polymerize to obtain their physiologically active states (Johansson et al., 1998) . To examine the susceptibility of the dehydrins to undergo such self association, the CD spectra of the full-length constructs and their isolated segments were measured at a series of different concentrations, ranging from 0.5 to 18 mg/mL. Under the conditions used, however, neither of the constructs showed any tendency to undergo concentration-induced structural changes. Consistently, all constructs also display an approximately linear relation between CD amplitude and protein concentration (Fig. 3) .
Experimental Determination of Helix Propensity by TFE Titration
The formation of local secondary structure is an integral part of any protein-folding reaction. To examine the propensity of secondary-structure formation of the dehydrins, we undertook titrations with the helixinducer TFE that is commonly used as a tool for extrapolation of quantitative helix-coil equilibrium constants for peptides with little or no apparent helical content in solution. The ability to form helical structure with TFE was tested on both the full-length dehydrins and their isolated segments. The results show that all fulllength proteins, except Rab18, display a pronounced increase in their helical content in the presence of TFE (Figs. 4 and 5) . The midpoint for the helix-coil transition of Cor47 is at 25% TFE. The corresponding midpoints of Lti29 and Lti30 are at 30% and 35%, respectively, indicating that the helix propensity is slightly different for the three proteins. Interestingly, the final extent of helical structure at high TFE is not the same for Cor46, Lti29, and Lti30 because the titration curves level off at different values. As estimated by CDPro, the maximal helix content reaches about 50% for Cor47 and 20% to 30% for Lti29 and Lti30 (Fig. 5A ). By comparison, Rab18 is remarkably unaffected by TFE and is only 2% helical in 90% TFE. In the latter case, the deviating result is most likely due to the unusually high Gly content of this protein (34% of total amino acids), an amino acid with low helix propensity (Fersht, 1999) . The finding is in good agreement with the results of Soulages et al. (2003) , who observed that a dehydrin from soybean (Glycine max; Y 2 K) containing 27% Gly, adopted, at most, 12% a-helices in TFE. The different final content of a-helical structure indicates that only certain sequence regions of the dehydrins are able to adapt helical structure, whereas others remain disordered in the presence of 90% TFE. If all parts of the proteins were involved in the transition, helical content would have reached 100%.
In view of the idea that the role of the K-segments is to form an amphiphatic helix in vivo, it is notable that the helical propensities of the isolated segments are relatively weak and substantially lower than for the full-length dehydrins ( Fig. 5 ; Table I ). The K-segment shows a transition midpoint around 20% TFE and plateaus at a maximum of less than 10% helical content, whereas the TFE response of ChP-1 appears less cooperative, but increases progressively to 20% helicity at 90% TFE (Fig. 5B ). ChP-2, on the other hand, shows no significant response to TFE. On this basis, we conclude that dehydrin susceptibility to adopt helical structure in TFE is not primarily controlled by their conserved segments, but is mainly determined by their remaining amino acids. As will be discussed below, however, caution should be exercised in using this result for elucidating physiological function. First, the helical propensity of individual segments may be different in the context of the full-length protein (i.e. neighboring residues could modulate the helical content). Second, even low levels of flickeringly present helices could serve as critical initiation points for more complex interactions in vivo, such as template-mediated folding against membranes and interactions with lowmolecular ligands or other proteins.
Effect of GdmCl
Despite the disordered nature of the dehydrins in physiological buffer, they seem to unfold further upon addition of the chemical denaturant guanidium chloride (GdmCl; Fig. 6 ). The CD features observed between 210 and 240 nm diminish, producing coil-like spectra at high concentrations of GdmCl. However, the unfolding transitions of the dehydrins are not sigmoidal as for archetypical proteins, but progressive, indicating low structural cooperativity, even though it cannot be excluded that the denaturation curves constitute the tails of the cooperative unfolding of species that are only partly populated in the starting material.
Effects of Na 2 SO 4
To examine whether the titration data in Figure 6 stem from unfolding of partly populated structures, the full-length dehydrins were subjected to 0.5 M Na 2 SO 4 . In essence, Na 2 SO 4 contributes to increased protein stability by minimizing the protein solventexposed surface area, and has been demonstrated to increase the occupancy of folded states and partly structured intermediates in other systems (Otzen and Oliveberg, 1999; Hedberg and Oliveberg, 2004) . Even so, none of the dehydrins in this study show any response to the addition of Na 2 SO 4 , disfavoring the idea that the ambiguous spectral characteristics of dehydrins correspond to an equilibrium mixture of folded and unfolded species (data not shown). More likely, the weak structural signal in standard buffer reflects an ensemble of flickering local interactions or the presence of diffuse long-range attraction between hydrophobic side-chain moieties under poor solvent conditions. Upon addition of GdmCl, this weak structural organization is gradually lost.
Effects of Temperature
Elevated temperature increases the CD amplitudes for both the full-length dehydrins and their isolated segments (Figs. 7 and 8 ). The CD signal describes reversible changes between 4°C and 85°C, producing difference spectra typically peaking around 218 nm. Moreover, the transition amplitudes for the different dehydrins are correlated with their structural extent at 5°C (i.e. Cor47 displays the largest change and Rab18 the smallest). Interestingly, the thermal transitions display a characteristic isoelliptic point around 208 (Fig. 7A ), similar to that observed for PII helices (Park et al., 1997) in equilibrium with either disordered-or b-turn conformations (Bochicchio and Tamburro, 2002, and refs. therein) . The unfolding transition of PII helices would, in this case, represent the tail of a broad melting curve with a midpoint around 230°C (Park et al., 1997) ; that is, the occupancy of PII structure is only fractional at 5°C. A consistent spectral response to elevated temperature has been reported for a soybean dehydrin and a LEA protein, both with respect to the breadth of the thermal transition and the isoelliptic point around 208 nm (Soulages et al., 2002 (Soulages et al., , 2003 . However, the PII content of the dehydrins need not be family specific, but could reflect the generic properties of any disordered polypeptide chain (Shi et al., 2005; Whittington et al., 2005) . As a control, we undertook the same experiment with a highly unstable mutant of the Greek key protein superoxide dismutase (SOD1 A4V ) that, in contrast to wild-type SOD, is predominantly unfolded under physiological conditions (i.e. DG D -N , 0 [gift from Mikael Lindberg]). As shown in Figure 8A , unfolded SOD A4V displays melting characteristics that closely resemble the dehydrin data.
Of the isolated peptides, the K-segment shows the most pronounced thermal transition, followed by ChP-2 and ChP-1 (Fig. 8B) . The reason for these sequence-specific differences (compare with the fulllength dehydrins) is still unclear, but may be related to differences in a-helical propensity; the melting of residual a-helical structure could oppose the signal from PII helices. To examine this possibility, we estimated the contribution from a-helical melting from thermal scans in the presence of TFE. As predicted, the melting of a-helical structure yields positive difference CD spectra (i.e. the ellipticity vanishes at high temperatures) with a shoulder at 221 nm (Fig. 7B ). As this shoulder is also significantly shifted from the PII component at 218 nm obtained from thermal scans in the absence of TFE, it can be deduced that the K-segment describes a thermal transition that is dominated by PII melting, whereas ChP-1 describes a more balanced combination of PII and a-helical melting. Consistently, the melting transitions of the K-segment at different concentrations of TFE begin at the levels expected from the relative content of PII and a-helical structure and converge at high temperature where they monitor a common thermally unfolded state (data not shown). At around 25% TFE, the two counteracting spectral components are precisely balanced, producing a flat line. Thus, we conclude that the variation in melting characteristics of the dehydrin species is, at least partly, accounted for by differences in their intrinsic a-helical propensity.
Effects of Metals
The dehydrins in this study are known to bind metal ions, a characteristic used in the purification procedure . To investigate the structural effects of such metal coordination, Cor47 and Lti29 were subjected to a series of different metalcontaining salts (data not shown). To achieve high solubility, we focused our analysis on the Cl 2 salts CuCl, NiCl, FeCl (,2 mM), MgCl, MnCl, ZnCl, and CaCl. As a control for possible Cl 2 or ionic strength contributions, we used NaCl. However, the effect of metals on the CD spectra of Cor47 and Lti29 is not compelling. CuCl and ZnCl show minor effects on the spectra, but only at concentrations above 10 mM (i.e. outside the physiological limits [data not shown]).
DISCUSSION
Dehydrins in Relation to Other Disordered Proteins
Disordered proteins can be categorized according to their CD spectra by plotting the ellipticity at 222 nm versus 200 nm (Uversky, 2002) . The plot shows that the proteins cluster into two groups, where one group represents intrinsic coils and the other represents the so-called premolten globular proteins. Even though Uversky's structural assignment of the two clusters is yet tentative, the distinct clustering of the CD spectra provides a simple classification of disordered states. Comparison with data obtained in this study shows that the positions of the dehydrins are relatively scattered in terms of their CD characteristics and span both the coil and the premolten globular regions of Uversky's plot (Fig. 9) . At low temperatures, the dehydrins tend to fall outside the reference groups by having a 222-nm signal typical for intrinsic coils, but a 200-nm signal in the region for premolten globules. At elevated temperatures, however, their spectra shift uniformly toward those of the premolten globules. From the corresponding data of the isolated ChP-1, Y-, and K-peptides, it is further apparent that these characteristics of the full-length dehydrins are not determined by their conserved segments (Fig. 9 ). Cor47 and Lti29 have similar composition and overall sequence content of conserved segments, but still behave differently, both in terms of their location in the 222-nm versus 200-nm plot and their thermal shift. Lti30, on the other hand, which comprises six K-segments that together comprise nearly 45% of the Lti30 sequence, shows, not surprisingly, some resemblance to the isolated K-segment. Two conclusions can be drawn from these results. First, the thermal malleability of the dehydrins exceeds the apparent structural variability of the disordered (nondehydrin) proteins in Uversky's reference set. Second, the plots of the full-length dehydrins and their conserved segments are not strongly coupled, indicating that their structures behave as separate entities in the native protein.
Comparing Experiments with Structural Prediction
To examine in more detail the structural content of the dehydrins, we calculated the a-helical and PII content from CD data with CDPro software and compared these data with results from structure prediction using the following freely available programs: AGADIR, which predicts the a-helical propensity of peptides, PONDR, which calculates overall disorder from sequence data, DISEMBL, which combines a set of Figure 7 . Structural response to increased temperature in pure buffer and in the presence of TFE. Top, CD spectra of Lti29; spectra are reading from the top at 220 nm Lti29 at 4°C, Lti29 at 25°C after having been heated to 85°C, Lti29 at 25°C, and Lti29 at 85°C. Bottom, Combined effect of elevated temperature and TFE addition on the K-segment. algorithms for disorder prediction (Linding et al., 2003) , TANGO, which predicts b-aggregation, and, finally, CAST, which predicts sequence complexity. The results are listed in Table I . In good agreement with the experiment, AGADIR calculated an average a-helix propensity for the dehydrins and peptides in this study that is low overall. Even so, it is notable that when the full-length proteins are screened by AGADIR for local maxima in a-helical propensity, these coincide in most, but not all, instances with the position of a conserved segment. It is easy to envisage that these scattered stretches with helix-forming capacity could have functional importance even though they remain largely unfolded under the conditions explored here, for example, by constituting inducible docking sites to external ligands, like membrane surfaces or other biomolecules (Uversky et al., 2005) . As pointed out above, such heterogeneous distribution of the a-helical propensity explains why the total helical content of the dehydrins does not reach 100% at high TFE concentrations: Only the portions of the sequence that are able to adopt helical structure are affected by the helix inducer. With respect to the random coil properties, PONDR predicts a relatively high degree of disorder (.60%) for Rab18, Cor47, and Lti29, whereas the corresponding value for Lti30 turns out to be unrealistically low at only 21% ( Fig. 2 ; Table I ). The reason for this low value is that PONDR assigns full helical content for the K-segment. Consistently, DISEMBL calculates a loop/coil content that is similar overall across the different proteins and with only small indications of ordered structure. Following the experimental observation that the dehydrins are soluble even at very high protein concentrations (Fig. 3) , TANGO predicts low aggregation propensities for all proteins in Table I . In contrast, the unfolded states of structured proteins typically aggregate in physiological buffers if prevented from adopting the folded conformation (Silow and Oliveberg, 2003) . Underlining this difference, the only dehydrin that displayed a weak tendency to aggregate was Cor47, but only under the extreme conditions of 90°C in 90% TFE where most other proteins precipitate badly (Chiti et al., 2000) . Independent support for the finding that dehydrins possess low propensity to aggregate was recently presented in a TANGO-based comparison of the b-aggregation propensity of globular and disordered proteins in general (Linding et al., 2004) . As a rule, aggregation occurs when the amino acid sequences have high hydrophobicity, high b-sheet propensity, a low net charge, and are readily exposed to solvent. Disordered proteins that typically lack these sequence characteristics were found, as a group, to have 3 times less aggregation nucleating regions than globular proteins (Linding et al., 2004) . The likelihood of dehydrins forming either specific tertiary or oligomeric structures is thus very small: Besides the high charge repulsion that intrinsically opposes chain collapse, there seems not to be enough hydrophobic residues to conglomerate a sufficiently large hydrophobic cluster. Even so, the high complexity of the dehydrin sequences predicted by CAST indicates that the amino acid composition of these proteins is critically functional and under tight biological control.
Structural Impact of the Conserved K-Segment
Although the biological role of the highly conserved K-segment is not yet established, it has been suggested on the basis of its amino acid composition that it forms an amphiphatic a-helix that could interact with membranes and thereby stabilize them under stresses (Dure, 1993) . The results presented here show that, in the absence of such biological targets, the K-segment is disordered both as an isolated peptide and as part of the full-length dehydrins. This low helical propensity is particularly evident in the case of Lti30 with a total of six K-segments (comprising approximately one-half of its sequence) and still retains the archetypical CD spectrum indicative of disordered/PII structures. Moreover, it is evident that temperature changes alone cannot be used to increase significantly the a-helical content of the K-segment; the experimental estimate of its a-helical propensity through TFE titration yields only 10% a-helical structure in 90% TFE. In the absence of TFE, the a-helical content drops to 0.7%, in good agreement with predictions by AGADIR (Table I) . Thus, the results provide strong evidence that any a-helical structure of the K-segments needs to be promoted through binding to specific biological ligands. One possible role for the conserved sequences could be to constitute hooks on a string interacting with particular targets/anchoring points for spatial localization, organization, or support of the cellular interior.
The Content of PII Helices
Even though the static CD spectra of the dehydrins may appear ambiguous in terms of structural content (Fig. 2) , their changes to perturbations reveal the presence of the nonclassic secondary structure PII helices (Bochicchio and Tamburro, 2002) . Compared to a-helices, the PII helices are quite short, usually spanning over less than five residues (Stapley and Creamer, 1999) . According to CDPro, the level of PII helices for the full-length dehydrins and the isolated segments in Table I is very similar at 11.5% to 15%. As the segments constitute only between 17% Figure 10 . a-Helical propensity per amino acid of Cor47, Lti29, Lti30, and Rab18 as predicted from their sequence composition by AGADIR. The maxima in a-helical propensity match overall the positions of the conserved segments. and 46% of the dehydrin sequences, it is clear that their contribution alone is insufficient to explain the total PII content of the full-length proteins. The result is consistent with the observations of Soulages et al. (2002) , who were the first to identify PII helices in disordered plant proteins, one LEA protein group 1 (Soulages et al., 2002) , and the dehydrin Y 2 K showing a PII content of 27% at 12°C (Soulages et al., 2003) . Interestingly, the two disordered proteins in the Soulages measurements show a thermal response that is very similar to the dehydrins analyzed in this study despite considerable differences in sequence and conservedsegment composition. An intriguing as well as characteristic feature of the PII structure is that it is kept together and stabilized by water molecule bridges (Rucker and Creamer, 2002) . It is also this lack of direct intramolecular hydrogen bonds that makes the PII structure intrinsically hard to detect spectroscopically. Nevertheless, PII structures have been linked to several specific functions in animal and bacterial systems. For example, in transcription, signal transduction, cell motility, and the immune response (Ma et al., 2001) , the flexible PII structure is believed to allow an induced fit to the target molecules (Bochicchio and Tamburro, 2002) . The PII helices here seem to constitute a general structural motif that could be recognized by Pro recognition domains, such as the SH3 domain (Li, 2005) , or to be involved in binding to lipids (Kanai et al., 2001 ) and possibly also to nucleic acids (Hicks and Hsu, 2004) . Moreover, PII helices have been implicated in self assembly of fibrous structures through their enrichment in elastomeric proteins (Bochicchio and Tamburro, 2002) . In particular, the arabinogalactan proteins contain long uninterrupted sequences of PIIinducing hydroxyprolines that assemble into large fibrous suprastructures. These proteins are anchored to the plasma membrane via lipids and have been suggested to form a periplasmic polymer cushion that stabilizes the plasma membrane against hydrostatic pressure. In contrast to the PII helices in dehydrins, however, the arabinogalactan protein structures are controlled by glycosylation (Ferris et al., 2001; Tan et al., 2004) .
Putative Role of PII Helices in Water Binding
Interestingly, the PII structure also seems to be a characteristic feature of unfolded globular proteins (Shi et al., 2005; Whittington et al., 2005) . This ubiquitous occurrence of the PII structure could thus reflect a biological preference for maintaining unfolded proteins in a well-defined state. In the case of the dehydrins, it has been speculated that such aggregation-resistant and extensively hydrated states are also taken advantage of in an alternative way, namely, as reservoirs or buffers for water (Soulages et al., 2003; Bokor et al., 2005) . The PII structure increases the solvent-accessible area of the polypeptide chain by 50% to 60% compared with other types of secondary structures (Hicks and Hsu, 2004) . In the simplest case, the water molecules are envisaged to be coordinated to the hydrogen bond acceptors and donors of the backbone in the fully disordered states. These coordinated water molecules are then released upon dehydration-induced collapse into more compact structures. A good example of such water-mediated collapse is provided by a wheat (Triticum aestivum) seed storage protein that expels its backbone water upon dehydration into a solid by becoming trapped in ordered a-helical or b-rich structures with hydrogen bonds that are predominantly intramolecular (Gilbert et al., 2000) . Similarly, dehydration-induced collapse into a-helical structures have been reported for two LEA proteins from groups 3 (Goyal et al., 2005) and 7 (Wolkers et al., 2001) , and yet two other LEA proteins from groups 1 and 5 have recently been observed to undergo drought-induced structural changes that increase both their b-sheet and a-helical content (Boudet et al., 2006) . Based on these observations, Boudet et al. (2006) put forth the idea that the LEA proteins, besides their intrinsic modulation of coordinated water, could also have other functions that are regulated by the hydration status of the cells. More detailed studies of the hydration shells around disordered protein conformations have recently been possible through the use of solid-state NMR relaxation experiments (Bokor et al., 2005) . In general, Bokor et al. (2005) observe that disordered proteins coordinate larger amounts of water per solventexposed surface area than folded proteins and, in particular, the dehydrin LTI29 is observed to bind more water than the other disordered proteins covered by the study (e.g. calpastatin and MAP2c). With respect to coordination strength, it is indicated that the more extensive hydration shells of the disordered proteins are also more heterogeneous than for globular proteins by having inner hydration layers that are more tightly bound and outer layers that are easily lost upon elevated temperature.
As an elaboration of the water reservoir model, the specific role of the PII helices could then be to act as an intermediate phase, holding on more strongly to the coordinated water, and thus contributing to the extension of the water-buffering range during drought-related stress. In the first step, the coil-to-PII transition would transfer water molecules from the dynamic hydration shell into specific positions in the protein backbone matrix. These tightly bound, backbone-bridging water molecules will thus preserve a reservoir of residual water under conditions where the coil states would already have given off their hydration shells. Finally, the collapse of the PII helices into more compact a-helical or b-rich structures would release and provide water in severely dehydrated environments. From this perspective, the dehydrins would emerge as a protein family that is highly optimized by taking maximal advantage of the structural properties of denatured proteins without compromising the specific and highly conserved sequence signals at the level of the primary structure. According to AGADIR, the only one part of the dehydrins that stands out in terms of a-helical propensity is the charged stretch of amino acids that follows the S-segments in Lti29 and Cor47 (Fig. 10) . From a functional perspective, it is notable that this conserved segment also has a high sequence similarity with a linker region in the animal heat shock protein HSP90. BLASTanalysis shows that the dehydrin ChP-1 segment has 72% identity and is 83% positive to Hsp90 from chicken and also has high sequence identity to other animal Hsp90s. The common feature of this sequence motif is that several negative residues, like Asp and Glu, cluster before a group of positive Lys (Table II) . In eukaryotic HSP90, this sequence motif forms, in turn, part of a highly conserved linker region of about 40 residues (Csermely et al., 1998) . Interestingly, the corresponding homology with HSP90 from plants is weaker, hinting at the possibility of a functional overlap between certain dehydrins and heat shock proteins. Taken together, these results point to the possibility that plant dehydrins have sophisticated, multifunctional roles during conditions of environmental stress, despite their diffuse structural characteristics encountered in vitro. One may be as a water reservoir buffering over a wide range of dehydration levels, working in concert with specific anchoring points that stabilize or maintain the spatial architecture of cellular components, such as membranes, that would otherwise suffer negative effects from decreased water content in the living cell.
MATERIALS AND METHODS
Expression and Heat Fractionation
Expression of the recombinant Arabidopsis (Arabidopsis thaliana) dehydrin proteins was as described by Svensson et al. (2000) , with minor changes. Glycerol stocks of the different Escherichia coli strains were made and 200 mL were spread on LA plates with 150 mg ampicillin. The plates were kept at 37°C and grown overnight. The cells were suspended and added to 1 L of LuriaBertani medium containing 50 mg/mL ampicillin. Expression was induced at an OD of 0.3 by adding isopropyl b-D-thiogalactopyranoside to a final concentration of 1 mM and kept at 37°C until grown to an OD of 0.8 to 1.0 (i.e. 2-4 h). Cells were harvested by centrifugation at 4,000g for 45 min and the pellet stored at 220°C. The thawed cells from 1-L cultures were resuspended in 25 mL of 20 mM Na 2 HPO 4 , pH 7.2, and 150 mM NaCl. One millimolar (final concentration) of phenylmethylsulfonyl fluoride and 0.1 mg/mL lysosyme were added and left for 30 min on ice. Lysated cells were sonicated six times for 15 s and centrifuged at 9,000g for 30 min. The supernatants were placed in a water bath at 70°C for 20 min, at which time the samples had reached a temperature of approximately 55°C. If the samples reached a higher temperature (i.e. 70°C), the recovered amount of protein or the degree of purity of the proteins (data not shown) was not changed. To precipitate heat-denatured proteins, the sample was centrifuged for 30 min at 9,000g and the supernatant stored at 280°C.
